The pathophysiologic alterations of patients with pulmonary arterial hypertension (PAH) are diverse. We aimed to determine novel pathogenic pathways from circulating proteins in patients with PAH. Multianalyte profiling (MAP) was used to measure 90 specifically selected antigens in the plasma of 113 PAH patients and 51 control patients. Erythropoietin (EPO) functional activity was assessed via in vitro pulmonary artery endothelial cell networking and smooth muscle cell proliferation assays. Fifty-eight patients had idiopathic PAH, whereas 55 had other forms of PAH; 5 had heritable PAH, 18 had connective tissue disease (15 with scleroderma and 3 with lupus erythematosis), 13 had portopulmonary hypertension, 6 had PAH associated with drugs or toxins, and 5 had congenital heart disease. The plasmaantigen profile of PAH revealed increased levels of several novel biomarkers, including EPO. Immune quantitative and histochemical studies revealed that EPO not only was significantly elevated in the plasma of PAH patients but also promoted pulmonary artery endothelial cell network formation and smooth muscle cell proliferation. MAP is a hypothesis-generating approach to identifying novel pathophysiologic pathways in PAH. EPO is upregulated in the circulation and lungs of patients with PAH and may affect endothelial and smooth muscle cell proliferation.
INTRODUCTION
The normal adult pulmonary circulation is a low-resistance system that accommodates blood flow from the right ventricle at relatively low pressures. In pulmonary arterial hypertension (PAH), increases in afterload result in volume and pressure overload of the right ventricle, leading to right-sided heart failure and premature death. PAH may occur in the absence of identifiable risks, termed idiopathic PAH (IPAH), or with specific mutations or familial patterns (heritable PAH [HPAH] ). In addition, other nonidiopathic forms of PAH (NIPAH) may occur in association with portal hypertension (portopulmonary hypertension), HIV infection, drugs or toxins, congenital heart disease, and connective tissue diseases.
At the structural level, PAH is characterized by pulmonary artery vasoconstriction, remodeling, and reduced distensibility. Collectively, these changes may result in selective death and proliferation of subsets of pulmonary artery endothelial cells (ECs), as well as hypertrophy and hyperplasia of vascular smooth muscle cells (SMCs). Remodeling of the adventitial fibroblast layer and the recruitment of circulating inflammatory and EC precursors to the pulmonary vascular wall contribute. 1, 2 The profile of circulating proteins could provide insight into the pathophysiology of these vascular alterations.
We used quantitative and rapid multianalyte profiling (MAP) to identify, in patients with IPAH or NIPAH and healthy volunteers, specific circulating antigens with potential mechanistic roles in PAH. After finding upregulation of erythropoietin (EPO) in the circulation in PAH, we performed functional studies to document the importance of EPO in the vascular cell proliferation seen in PAH.
METHODS

Study population
We recruited 113 patients with PAH from the Pulmonary Vascular Disease Program at the University of Pennsylvania. PAH was diagnosed according to established criteria, including mean pulmonary artery pressure of >25 mmHg, pulmonary vascular resistance of >3 Wood units, left ventricular end-diastolic or pulmonary capillary wedge pressure of <15 mmHg, and absence of other cardiac, pulmonary, or thromboembolic disease. Control plasma was obtained from 51 healthy volunteers. This study was approved by the University of Pennsylvania Institutional Review Board, and all participants provided written informed consent.
Sample collection and analysis
Blood was collected in potassium EDTA (ethylenediaminetetraacetic acid) vacutainers (BD Biosciences, San Jose, CA) from the proximal port of a pulmonary artery catheter or peripheral venipuncture a median of 78 days (IPAH) or 108 days (NIPAH) from catheterization. Samples were maintained upright for 30 minutes, centrifuged, aliquoted, and frozen, and plasma was stored at −80°C. Serum was obtained by adding thrombin (500 IU/mL) and calcium chloride (10% w/v) to plasma and allowing clot formation for 2 hours. Plasma samples were utilized to run a multiplex immunoassay and serum samples to conduct cell-based assays.
Ninety antigens involved in several oncologic, inflammatory, and immune-response pathways were measured in the plasma of PAH patients and controls with a multiplex immunoassay (Human MAP v1.6 platform, RBM, Austin, TX; Table S1, available online). 3 Briefly, antigens were calibrated by means of duplicated standard curves, and raw intensity measurements were converted to protein concentrations with proprietary software. Machine performance was verified with quality control samples for each antigen and randomly analyzed to eliminate any sequential bias produced by diagnosis, age, or plasma collection date. Final concentrations were expressed as fold changes.
Formalin-fixed, paraffin-embedded human lung tissue sections from the explanted lungs of 2 patients with IPAH and one with NIPAH who underwent lung transplanta-tion were provided by the Pulmonary Hypertension Breakthrough Initiative consortium. IPAH patient 1 was a 58year-old white woman, and patient 2 was a 47-year-old white woman. The NIPAH patient was a 28-year-old white woman with connective tissue disease. The control lung tissue was purchased from Biomax US (Rockville, MD; catalog no. BN04011). Sections were stained with a polyclonal antibody against EPO (sc-7956, 1 ∶ 100; Santa Cruz Biotechnology, Dallas).
Cell-based assays
Normal rat pulmonary artery ECs were kindly provided by Dr. Troy Stevens of the University of South Alabama. Cells plated onto 24-well plates precoated with 300 μL growth factor-depleted Matrigel (R&D, Minneapolis) were cultured in 10% fetal bovine serum in Dulbecco's modified Eagle's medium. IPAH serum from a patient expressing 1,560 pg/mL of EPO (detected by MAP) was added to wells (50% v/v) in the presence or absence of 200 μg of a neutralizing anti-EPO antibody (R&D) or control immunoglobulin G (IgG; DAKO, Glostrup, Denmark). After 24 hours in culture, EC networks were visualized with inverted phase contrast microscopy and quantified (Photoshop CS3). All experiments were performed in triplicate, and 6 images per condition were visualized and quantified.
Human pulmonary artery SMCs (Lonza, Walkersville, MD) were serum starved for 24 hours and then cultured in 2% serum media. PAH serum (10%) was added to cultures in the presence or absence of 10, 50, or 100 IU/mL of recombitant human EPO (rHuEPO; Epoetin alpha, Amgen, Thousand Oaks, CA); 2, 20, or 200 μL of neutralizing anti-EPO antibody (R&D); or 200 μL of control IgG (DAKO). To determine the percentage of cells entering S phase, cells were treated with EdU (5-ethynyl-2′-deoxyuridine), a thymidine analog. EdU-positive cells were detected with a Click-iT EdU assay (Invitrogen, Carlsbad, CA) and visualized with a Nikon Eclipse Ti microscope. All experiments were performed in triplicate, and each result represents a distinct set of experiments.
Statistical analyses
Differential analysis for the multiplex assay was performed with PaGE (Patterns from Gene Expression), 4 a permutation t statistic method that controls for multiple testing using false discovery rate. 5 Classification analysis was performed using random forests 6 in R statistical software. This approach avoids dividing the data into arbitrary training and test sets, thereby maintaining the maximum number of replicates for both training and testing. Thus, the classification error rates reflect the full battery of samples. The classifier was also rebuilt by using a random set of 75 samples, validating on the remaining samples, and validating again after inclusion of 12 additional samples. Furthermore, we constructed a classifier utilizing a subcohort matched for age and sex, which included 20 IPAH patients (mean age 33 years), 8 NIPAH patients (mean age 36 years), and 11 controls (mean age 31 years). We performed a subset analysis of treated and untreated patients, including IPAH (treated: n ¼ 51, untreated: n ¼ 7), NIPAH (treated: n ¼ 50, untreated: n ¼ 5), and total PAH (treated: n ¼ 101, untreated: n ¼ 12). Finally, subjects and proteins were grouped via hierarchical clustering. 7 In vitro experiments were analyzed via ANOVA with Duncan's post hoc analysis.
RESULTS
The study sample included 113 PAH patients and 51 healthy volunteers (controls; Table 1 ). Fifty-eight patients had IPAH, whereas 55 had NIPAH. Five had HPAH, 18 had connective tissue disease (15 with scleroderma and 3 with lupus erythematosis), 13 had portopulmonary hypertension, 6 had PAH associated with drugs or toxins, and 5 had congenital heart disease. Approximately half of the patients were treated with bosentan, and approximately 30% were receiving prostacyclin analogs.
MAP indicated that 41 antigens were significantly increased (n ¼ 38) or decreased (n ¼ 3) in both PAH groups when compared to the control group (Table 2) , after multiple comparisons were accounted for. In addition, levels of 28 antigens distinguished IPAH from NIPAH patients. A heat map, tree-view diagram (Fig. S1 , available online) shows specific clusters of antigens within PAH patient or control groups. IPAH, NIPAH, and control groups were separated into subclusters. Random forests classification with the initial 164 samples resulted in a list of antigens ranked by their discriminatory power. The best discriminators of PAH patients from controls are shown in Table 3 , and the best discriminators between IPAH and NIPAH patients are shown in Table 4 . The prediction algorithm Note: IPAH: idiopathic pulmonary hypertension; NIPAH: nonidiopathic pulmonary hypertension. ENRAGE: extracellular newly identified RAGE (receptor for advanced-glycation end products)-binding protein; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-macrophage colony-stimulating factor; ICAM: intracellular adhesion molecule; Ig: immunoglobulin; IGF: insulin-like growth factor; IL: interleukin; MCP: monocyte chemotactic protein; MDC: macrophage-derived chemokine; MIP: macrophage inflammatory proetin; MMP: matrix metalloproteinase; PAI: plasminogen activator inhibitor; PAPP: pregnancy-associated plasma protein; SGOT: serum glutamic oxalacetic transaminase; TIMP: tissue inhibitor of metalloproteinases; TNF: tumor necrosis factor; TNF RII: TNF receptor II; VCAM: vascular cell adhesion protein; VEGF: vascular endothelial growth factor. Asterisk indicates NCBI (National Center for Biotechnology Information) number. a Significant increase versus controls. b Significant decrease versus controls. c Significant increase in IPAH versus NIPAH patients. d Significant decrease in IPAH versus NIPAH patients. reported an "out-of-bag" error rate of 0 when classifying control versus PAH patients and error rates of 0.17 and 0.25 when classifying controls versus IPAH and NIPAH patients, respectively (Table 5 ; also see Table S2 , available online). Sensitivity analyses using the other validation strategies described in "Methods" differentiated PAH from controls with 100% accuracy. To account for the differences in age and sex between the PAH patients and controls and the potential effect of treatment, classifiers were rebuilt with age-matched samples for women only and for treated and untreated patients. Results were unchanged, and treated and untreated patients did not show distinct profiles (data not shown).
EPO protein levels are increased in plasma and lung tissue in PAH. Levels of EPO were increased by 7.9-and 13.6fold in IPAH and NIPAH patients, respectively, compared to controls ( Table 2) . EPO immunostaining was greater in IPAH and NIPAH lung tissue sections, compared to that in controls (Fig. 1 ). Furthermore, EPO was significantly increased in the vascular SMC layer of remodeled large, medium, and small pulmonary arteries in PAH lung tissue ( Fig. 1F-1H ). Accompanying the in-creased EPO expression, PAH lesions exhibited a marked increase in inflammatory cells resembling hemosiderinladen macrophages and demonstrating strong immunoreactivity for EPO.
We next determined whether EPO promoted EC networking, a feature of PAH pathobiology, 1 within a reconstituted basement membrane assay. The use of 10% IPAH serum, as well as coincubation with control IgG, resulted in the formation of a robust network composed of interconnected pulmonary artery ECs and displaying prominent and multiple cellular extensions ( Fig. 2A , top and middle). When these same cultures were coincubated with an EPO-neutralizing antibody, EC networking was significantly attenuated ( Fig. 2A, bottom, and Fig. 2B ). Thus, EPO in PAH patient serum appears to have bioactivity on pulmonary ECs in vitro.
To assess the effect of circulating EPO in PAH on SMC proliferation, human pulmonary artery SMCs were exposed to either rHuEPO or PAH patient serum containing high levels of EPO. Both rHuEPO and IPAH serum promoted SMC proliferation in a dose-dependent manner (Fig. 3A, 3B ). Coincubation of serum-treated cultures with 200 μL of EPO-neutralizing antibody attenuated SMC proliferation in a dose-dependent manner (Fig. 3C) , whereas control IgG had no effect (Fig. 3B ). Anti-EPO 2 and 20 μL did not reverse the 10% IPAH group to "control" levels.
DISCUSSION
We have used a high-throughput hypothesis-generating technique to identify novel antigens differentially expressed in the blood of almost 150 patients with PAH, a much larger sample than in other published proteomic studies in PAH. [8] [9] [10] [11] [12] [13] We showed that EPO is significantly elevated in PAH plasma and expressed in pulmonary vasculature and that it promotes vascular networking and cell proliferation in pulmonary artery ECs and SMCs, respectively. Since PAH is inherently a complex phenotype, we believe that a single biochemical or protein signature approach is unlikely to capture the disease complexity for diagnostic or clinical purposes. However, this study demonstrates the ability to translate data from hypothesisgenerating studies into confirmatory functional experiments using tissue from patients with PAH.
Interleukins (IL-)2, 5, 6, 8, 10, 16, and 18 and myeloperoxidase were upregulated in PAH, and many of these cytokines are associated with outcomes in PAH. 14 showed the largest change, with an 88-fold increase in IPAH and a 186-fold increase in NIPAH. IL-6 increases MAPKs (mitogen-activated protein kinases), c-myc, survivin, and bcl-2, with both proproliferative and antiapoptotic effects, and transgenic mice overexpressing IL-6 develop pulmonary hypertension. 15 These findings are consistent with studies showing increased circulating levels of IL-6 14, 16 and increases in chemokine and chemokine receptor gene expression in PAH. 17 Matrix metalloproteinase (MMP)-2, MMP-9, and tenascin-C (TN-C) were elevated in NIPAH but not in IPAH patient plasma. TN-C is activated and/or induced in multiple forms of clinical and experimental PAH [18] [19] [20] [21] [22] and may contribute to PAH via its ability to cross mod- ulate the activity of epithelial growth factor (EGF) receptors, as well as via its control of cell migration and programmed cell death. Furthermore, ENRAGE (extracellular newly identified RAGE-binding protein, S100A12) showed a 16.2-fold increase in IPAH patients and an 11.9fold increase in NIPAH patients. Interestingly, the receptor for advanced-glycation end products (RAGE) and its ligands (specifically S100A12) have been implicated in neointimal formation and vascular SMC proliferation following vascular injury. 23 Female mice overexpressing S100A4/Mts1 had an increased risk of severe pulmonary vascular pathology. 24 In addition, advanced-glycation end products induce significant SMC migration and increase vascular permeability by promoting an inflammatory response in ECs. 25 We focused on the functional importance of EPO, since this protein showed one of the highest increases in IPAH (7.9-fold) and NIPAH (˜13.6-fold) patients when compared to controls. EPO increases ET-1 release from ECs, and EPO receptors play an important role in neoangiogenesis through upregulation of the vascular EGF-EGF receptor system, as well as via recruitment of hematopoietic progenitor cells to ischemic tissue. [26] [27] [28] Interestingly, recent data 29 demonstrate the role of EPO as a hypoxia- inducible factor 1α (HIF-1α)-inducible myeloid-activating factor in PAH. Little is known about the effects of EPO on human pulmonary artery SMCs. Exposing cultures to high concentrations of EPO from PAH patient serum increased the networking activity of pulmonary artery ECs and increased SMC proliferation.
While there is a lack of consistent data on EPO production in healthy adult lungs, EPO receptor expression has been detected in the lung mesothelium, chondrocytes, alveolar cells, vascular ECs, smooth muscle fibers, macrophages, and neutrophils. 30 The source of increased EPO in PAH is not clear, although we found inflammatory cells located in the alveolar wall to be highly immunoreactive to EPO. Our findings are intriguing, given that other factors involved in stem cell mobilization and/or recruitment (including granulocyte-macrophage colony-stimulating factor and MMP-9) were also increased in IPAH and/or NIPAH patients ( Table 2) .
Our study has some limitations. Antigen levels may have been affected by PAH therapy, but subset analyses did not suggest differences in results by treatment. In addition, this study did not examine prognosis, which would require a much larger number of patients, to account for the multiple comparisons, and a significant amount of follow-up time. Even though NIPAH patients seemed to show more extreme changes in protein expression than IPAH patients, there were not enough patients in each NIPAH subgroup to detect differences. Similarly, men and ethnic minorities constituted subgroups too small for useful subset analyses. We did not find associations between protein signatures and severity of PAH; however, this may be attributable to the plasma protein and hemodynamic assessments being performed at separate times in many subjects. Finally, the detection of antigens was conducted only in the adult population; our findings may not be generalizable to a pediatric population.
In conclusion, we used the plasma antigen profile in PAH patients to suggest pathogenic targets for functional studies. Upregulation of EPO in plasma, in addition to in vitro lung effects, suggests that EPO may be an important factor in the development or progression of PAH. Future studies of the antigens characterized in our study and the role of EPO in PAH are warranted.
